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Abstract 
Thin films based on CuTPP, ZnTPP and FeClTPP ( ТРР – TetraPhenylPorphyrin) complexes and manufactured by vacuum 
deposition under quasi-equilibrium conditions have been investigated. The hot-wall epitaxy method was chosen for the prepa- 
ration of samples. The structure of objects and their composition were examined by scanning electron microscopy (SEM) 
and energy dispersive microanalysis (EDX). The CuTPP film was established to form whiskers about 20 nm in diameter and 
5 μm in length. The structural features and morphology of ZnTPP and FeClTPP films’ surface were revealed. The theoretical 
interpretation of obtained results was proposed that made it possible to relate the film structure with its composition. 
Copyright © 2016, St. Petersburg Polytechnic University. Production and hosting by Elsevier B.V. 
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 1. Introduction 
Currently, organic materials are increasingly used
in micro- and optoelectronics for creating photo- and
light-emitting diodes, sensors, RFID tags, and other
devices. There is a particular interest in compounds
that may have some advantages over classic semicon-
ductors, as the methods for obtaining the structures
in mass production are simple and inexpensive, and
it is possible to create flexible and transparent de-
vices, modify the properties and the band structure
of molecules [1] . 
Combining organic materials allows to fabricate
donor-acceptor complexes, and molecular and bulk∗ Corresponding author. 
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(Peer review under responsibility of St. Petersburg Polytechnic University)heterojunctions required in organic photonics and na-
noelectronics [2] . Metalloporphyrins, in particular, are
considered to be promising materials for these pur-
poses [3] . 
Porphyrins are derivatives of the С 20 М14 N 4 por-
phin whose molecules are formed by four pyrrole
rings linked together by methine bridges. Porphyrins
readily form metal complexes (chelates), with the
metal ion incorporated into the core of a tetrapyrrolic
macrocycle, replacing two hydrogen atoms. The
macrocyclic structure with a high degree of porphyrin
π -conjugation leads to a high absorption of light in
the ultraviolet and visible regions of the spectrum,
as well as imparts good donor properties to por-
phyrins and their derivatives [4] . Metalloporphyrins
obtained via precipitation from solutions are capable
of supramolecular self-assembly [5] , wherein the self-
assembly type of the resulting structure depends on thection and hosting by Elsevier B.V. This is an open access article 
nc-nd/4.0/ ) 
. 
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to various intermolecular interactions (Van der Waals 
forces, ( π - π )-stacking, hydrogen bonding), and in the 
condensed state lead to the formation of molecular 
assemblies or aggregates. Their luminescent, photo- 
chemical and other physical properties are different 
from those of monomolecular condensates, which 
must be taken into account when developing device 
structures. 
Obtaining thin films by industrial methods offers 
appealing opportunities for practical applications of or- 
ganic materials [6] . Currently, there are several most 
technologically advanced approaches to fabricating 
thin films from various organic materials. Such films 
can be prepared by thermal evaporation of molecules 
in a technical vacuum by using different evapora- 
tors, by applying polymeric films from the centrifuge 
(centrifugation), by polyionic assembly in solution, by 
applying the Langmuir–Blodgett technology, and by 
other methods. However, self-assembly in the films 
obtained by the Langmuir–Blodgett method can lead 
to 2D and 3D-aggregates appearing and to a loss of 
functional properties [7] . This means that one of the 
unsolved technological problems is developing a re- 
producible precision method for creating organic thin 
films with a predetermined structure. 
Currently, self-assembly processes and their effect 
on film structure and the changes in the composition 
of porphyrin-containing thin films prepared by vacuum 
deposition remain virtually unstudied. Analyzing these 
processes is the goal of the present work. 
2. Experimental procedure 
In order to study the structure and composi- 
tion of thin metalloporphyrin films of Me II meso- 
tetraphenylporphyrins (MeTPP), these films were ob- 
tained via vacuum deposition (a modified hot-wall 
method) under quasi-equilibrium conditions during an 
intense exchange interaction between the condensate 
and the vapor phase. In contrast to molecular beam de- 
position, these conditions facilitate self-assembly and 
make it possible for ordered structures of organic com- 
plex to form. Among the advantages of this method 
are the uniformity of the films obtained in one tech- 
nological cycle and the good reproducibility of the 
properties of the films obtained under identical tech- 
nological conditions. It is known that porphyrins are 
stable up to high temperatures considerably exceeding 
the sublimation temperature which lies in the 500–
700 K range (depending on the type of metal). We used the commercially available CuTPP and 
ZnTPP powders (by Sigma-Aldrich) for the initial 
mixture, along with a coordinated Fe III ClTPP complex 
(obtained by the Institute of Chemical Physics (ICP) 
RAS, Moscow). These objects have been selected for 
the study because copper and zinc tetraphenylpor- 
phyrins are already widely used in organic electronics 
and other fields. The new ferric porphyrin complex 
with a coordinated chlorine atom, synthesized in the 
ICP RAS, has been chosen as a poorly studied object 
with potentially interesting magnetic properties. 
Films of 200–600 nm thickness were deposited in 
vacuum (10 –6 Torr) onto various substrates:glass with 
indium-tin oxide (ITO) coating (conducting amor- 
phous); 
BDS-10 grade boron-doped (111) silicon with p- 
type conductivity (crystalline semiconductors);freshly 
cleaved mica, KBr (dielectric). 
The temperature values of the evaporator and the 
substrate were selected in view of our goal of facili- 
tating the self-assembly processes during film growth. 
For this purpose, the film condensation temperature 
was to be as close as possible to the evaporator tem- 
perature, making up more than two-thirds of it. De- 
spite the high temperature of the substrate, due to 
a high density of the gas-dynamic vapor flow, film 
growth rate was rather high, about 2 nm/s, allowing 
to obtain pure films in an ultrahigh vacuum instead 
of a technical one. Table 1 shows the compositions, 
mass values and basic conditions for obtaining the 
samples. 
A JEOL JSM-6390 scanning electron microscope 
with the ultimate resolution of 3 nm was used for 
studying the self-assembly processes and the surface 
morphology. Transfer processes and film composi- 
tion in the selected areas were investigated using an 
Oxford INCA Energy EDS (energy dispersive spec- 
troscopy) microanalysis system for scanning electron 
microscopes with the ultimate sensitivity of 0.1 wt%. 
The surface of the films and their composition were 
investigated using electron beams with the energies 
of 5 and 8 keV mainly on samples with silicon (Si) 
substrates, as this provided the optimal ‘drain’ of the 
accumulated charge and, consequently, the best sig- 
nal/noise ratio for this method. 
To refine the experimental results and confirm the 
uniformity of the samples studied, spectra were ac- 
cumulated on several large (about 200 μm 2 ) sites 
in about 5–7 areas; when confirming the unifor- 
mity of the film in discrete points, the experimental 
data was averaged, generalized and used for further 
analysis. 
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Table 1 
Composition of the objects studied and conditions for obtaining them. 
Sample no. Composition Mass (mg) Substrate T ev (K) T sub (K) t ev (min) 
1 CuTPP in toluene solution – – – – –
175 CuTPP 2.0 ITO, BDS-10, KBr 673 468 3 
176 CuTPP 3.0 ITO, BDS-10 673 470 4 
178 FeClTPP 3.0 ITO, BDS-10, KBr 673 473 3 
182 FeClTPP 1.5 ITO, BDS-10 577 413 6 
189 ZnTPP 2.0 ITO, BDS-10 563 468 4 
Notations: T ev and t ev are the evaporation temperature and time during film preparation, T sub is the substrate temperature. 
Fig. 1. X-ray microanalysis spectra of CuTPP films on silicon substrate describing their elemental composition. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2 
Results of elemental analysis of a CuTPP thin film sample in three 
points of its surface. 
Element Content (wt%) 
1 2 3 Average 
C 57 .67 57 .57 57 .04 57 .43 
N 13 .09 12 .42 13 .08 12 .87 
Si 21 .75 22 .42 22 .14 22 .11 
Cu 6 .21 6 .17 6 .23 6 .19 
O 0 0 .44 0 .35 0 .26 
Cl 1 .28 0 .98 1 .16 1 .14 
Total content (wt%) 100 100 100 100 
Notes. 1. Film thickness is 500 μm, substrate BDS-10. 
2. The data was obtained by X-ray spectral microanalysis. 
 
 
 
 
 
 
 
 When thin films were examined using the data on
accelerating voltages, the recorded elemental compo-
sition was distorted by the presence of an additional
signal of the characteristic X-ray emission from the
Si-substrate, so in order to interpret the experimental
data, the obtained results related to the weight com-
position were normalized to 100%, and then renor-
malized (also to 100%) to eliminate the weight con-
tribution of the Si-substrate. Notice that this method
does not allow detecting the hydrogen present in the
organic material and its weight contribution to the fi-
nal result; as a result, a systematic instrumental error
is inevitably introduced into the measurement. Fig. 1
shows a typical experimental spectrum of the elemen-
tal composition of a CuTPP film on a silicon substrate
obtained by X-ray spectral microanalysis. 
3. Investigation of the composition of thin 
metalloporphyrin films 
To determine whether the composition of thin films
(obtained by vacuum deposition) was uniform over the
surface, an X-ray spectral microanalysis of the films
was performed in different points. Typical quantitiesof the elements contained in a CuTPP film on sili-
con substrate are shown in Table 2 . The spread of
the experimental values of the contents of various ele-
ments over the surface of the sample was, for example,
for carbon and copper, 0.4% and 0.5%, respectively,
which is close to the method’s error. A substantially
greater (about 5%) non-uniformity was observed in the
distribution of the nitrogen content. Such a distribution
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Table 3 
Comparison between the stoichiometric and the experimentally ob- 
tained contents of thin film samples. 
Complex Element Element content (wt%) 
Stoichiometric Experimental 
CuTPP Cu 9 .37 8 .05 
C 77 .93 75 .17 
H 4 .43 –
N 8 .27 16 .21 
O – 0 .57 
FeClTPP Fe 7 .97 8 .16 
Cl 4 .98 1 .6 
C 75 .11 80 .39 
H 3 .98 –
N 7 .96 5 .74 
O – 4 .11 
ZnTPP Zn 9 .62 7 .58 
C 77 .72 83 .74 
H 4 .42 –
N 8 .24 8 .04 
O – 0 .64 
fabricated. may be attributed to the presence of excess nitrogen 
in the air adsorbed (exceeding the quantity of nitro- 
gen in the organic matter itself). Another point in favor 
of this explanation are the observed trace amounts of 
oxygen (also from the air). 
If we start from the premise that the content of 
atmospheric oxygen in the sample is 0.3 wt%, it is 
possible to estimate the contribution of adsorbed at- 
mospheric nitrogen as 1.0–1.2 wt%. It is distributed 
non-uniformly, which can significantly influence the 
spread of the data listed in Table 2 . As a whole, how- 
ever, the film can be considered sufficiently uniform. 
Similar results regarding film uniformity were ob- 
tained for all other samples. Table 3 lists the data al- 
lowing to compare the calculated stoichiometric com- 
position of elements with the averaged experimental 
results. The analysis of the data in Table 3 leads us to 
conclude that the CuTPP and ZnTPP samples exhibit 
an approximate agreement of the elemental contents 
in thin films with the calculated values. The copper 
content in the CuTPP sample turns out to be insignif- 
icantly (by about 1 wt%) lower, and the zinc content 
in ZnTPP higher, compared with the calculated val- 
ues. Substantially larger deviations have been observed 
in the content of nitrogen impurities, observed to be 
increased in comparison with stoichiometry only for 
CuTPP films. This may be associated with different 
content of the air adsorbed in the films, which sub- 
stantially depends on the structure of the film and, 
respectively, on the surface area of the condensate. 
We are going to demonstrate below that a more de- veloped surface is typical for CuTPP films, and, as 
a consequence, they can absorb a significantly larger 
amount of air. Differences in the structure and surface 
morphology of films of different tetraphenylporphyrins 
will be discussed further. 
Component analysis of thin film samples of the co- 
ordinated FeClTPP complex revealed two features dis- 
tinguishing it from copper and zinc metalloporphyrins. 
Firstly, thin films of the complex are significantly (by 
about three times) chlorine-depleted. Secondly, a sub- 
stantial amount of oxygen (up to 7 wt%) is found in 
these films, which is much greater than the contents 
of adsorbed oxygen in copper and zinc tetraphenyl- 
porphyrin films. Quantum chemical calculations per- 
formed for the complex with FeCl showed that the 
Cl atom is weakly bound to the rest of the struc- 
ture (the Mayer bond order of Fe–Cl in a coordi- 
nated complex has a value of 0.2). Ref. [9] estab- 
lished, for the Mn III Cl porphyrin similar in structure, 
that a complete loss of chlorine atoms coordinated to 
the metal occurred for an adsorbed [SAc]P-Mn III Cl 
monolayer on Ag(100) under heating up to 498 K; 
however, there was no loss of metal atoms and no 
destruction of macrocycles. Thus, during the subli- 
mation process and at temperatures of about 600 K, 
atoms can partially break away from the metallopor- 
phyrin, with the free radicals formed capable of effec- 
tively interacting with the residual oxygen and, poten- 
tially, with hydroxyl groups, establishing sufficiently 
strong chemical bonds. Fig. 2 shows possible sce- 
narios of chlorine substitution by oxygen, the forma- 
tion of complex structures with μ-bridged complexes 
[8] and of iron oxychloride, hydroxyl. However, all of 
these scenarios could explain an increase in the oxy- 
gen content in the films up to a maximum of 2.3% 
even in case of complete substitution of chlorine by 
oxygen complexes. The excess oxygen content cannot 
be associated with the air adsorbed on the surface, 
as it is not accompanied by a corresponding increase 
in its content in nitrogen films. However, a study of 
EPR spectra of cobalt porphyrins [10] noted that it 
is possible for Co II TPP to form a bond with an O 2 
molecular ligand coordinated to the metal atom. A 
similar presence of bound molecular oxygen in our 
samples could explain such high values of the oxy- 
gen content in FeClTPP films. Thus, accurate deter- 
mination of the chemical structure of the films ob- 
tained by evaporation of the FeClTPP complex re- 
quires further study. It should be noted that the mag- 
netic characteristics of these films would also sub- 
stantially depend on the method by which they were 
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Fig. 2. Schematic scenarios for structural changes of the FeClTPP complex: initial (1), oxygen-substituted (2), its oxygen dimers (3), hydrogen- 
substituted; possible changes under vacuum deposition are shown. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 4. Surface morphology of metalloporphyrin films 
Surface morphology of 500 nm-thick films prepared
from the ZnTPP mixture ( Fig. 3 a) was investigated
by electron microscopy, which revealed that the films
have a smooth surface and are composed of large
columnar crystals up to 2 μm in length, closely packed
and forming a thick film. It can be seen on the defect
(cleavage) of the film that the crystallization is charac-
terized by an elongated crystal axis and occurs mainly
parallel to the substrate. 
The morphology of samples obtained from the Fe-
ClTPP mixture ( Fig. 3 b), is characterized by a sig-
nificantly greater non-uniformity of the surface on
which inclusions of larger crystallites are observed,
while columnar structures are absent. Since we assume
that different types of iron porphyrins (containing both
chlorine and oxygen in one form or another) coexist
in this film, the observed crystal structures may cor-
respond to different phases of the same compound.
The common feature of these two types of samples isthe formation of a solid film with a relatively smooth
surface. 
A fundamentally different structure is observed
when examining the CuTPP film surface. The films
obtained under identical processing conditions self-
assemble into crystalline nanowires of about 20 nm
in thickness and up to 5 μm in length ( Fig. 4 a).
It should be noted that the authors of Ref. [11] ,
who studied the structure of CuTPP films obtained
by conventional thermal evaporation (i.e., in the ab-
sence of quasi-equilibrium conditions), obtained a dis-
ordered nanocrystalline structure with an average crys-
tal size of about 60 nm, with no specific nanowires or
nanorods found. 
The differences we observed in the structure of
films of different metalloporphyrins obtained in con-
ditions close to the equilibrium ones can be ex-
plained by the difference in the energy required
for forming the critical nucleus, and, probably, by
the different structure (anisotropy) of the critical
nucleus. 
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Fig. 3. Film surface morphology based on the data of scanning 
electron microscopy; the films were obtained from ZnTPP (a) and 
FeClTPP (b) mixtures. (samples 189 and 182, respectively, see 
Table 1 ) 
Fig. 4. Self-assembly of CuTPP films obtained by quasi-equilibrium 
vacuum deposition (a) and by crystallization from toluene solution 
(b) (samples 175 and 1, respectively, see Table 1 ). To compare the structures and anisotropy of CuTPP 
condensates prepared by gas-phase evaporation from 
solution, we examined, using scanning electron mi- 
croscopy, CuTPP porphyrin films on silicon substrate 
prepared by crystallization from solution (casting), 
i.e., by slow evaporation from solution in C 6 H 5 CH 3 
toluene ( Fig. 4 b). These crystals also exhibit a pro- 
nounced anisotropy and form from nanorods of about 
1 μm in diameter and about 10 μm in length; however, 
it should be kept in mind that porphyrin molecules 
are always solvated by solvent molecules under crys- 
tallization from solution, so the crystalline phases can 
differ significantly. 
5. Conclusions 
Studying the composition and structure of various 
metalloporphyrin films obtained by vacuum evapora- 
tion under quasi-equilibrium conditions led us to the 
following conclusions. Copper and zinc porphyrin films have a compo- 
sition corresponding to the stoichiometric one (within 
the accuracy of the method). Presumably, the observed 
differences in the nitrogen content of the condensate 
can be associated with air adsorption, since they are 
well correlated with the film structure. 
Copper porphyrin films with a developed surface 
exhibit an increased nitrogen content compared with 
the stoichiometric composition. 
It was found that vacuum deposition of the coor- 
dinated FeClTPP complex resulted in a partial loss of 
chlorine atoms during deposition, with an accompany- 
ing significant increase in oxygen content in the film 
which cannot be attributed only to physical adsorption 
but is likely associated with the formation of various 
oxidized forms of iron or with molecular oxygen ad- 
dition. 
We studied for the first time the structure of films 
and the processes of their self-assembly during CuTPP 
crystal growth which result through crystallization 
under quasi-equilibrium conditions in the formation 
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 of non-oriented porphyrin nanowires of about 20 nm
in diameter and up to 5 μm in length. The films
of other metalloporphyrins we have studied have a
coarse crystalline structure (crystallite sizes range from
1 to 5 μm) with a high crystal density without a pro-
nounced anisotropy. 
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